An excess of salinity and boron (B) can limit production of hot pepper (Capsicum annuum L.), but little is known about the physiological responses, including antioxidant activities, in response to these excesses. We investigated the physiological responses and defense mechanisms of hot pepper grown under salinity (NaCl) stress at 3 and 6 dS/mand B stress at 15 and 30 mg/kg. Dry weight and the total chlorophyll content decreased with increasing salinity and B levels. The toxic effect of B was greater under saline conditions. Higher levels of salinity and B resulted in increased B concentrations in leaves. The stomatal resistance values increased as the combined levels of salinity and B increased. Furthermore, increasing salinity, B or both increased activities of H 2 O 2 , SOD, POX, APX and GR, which increased oxidative stress, compared to the control plants. Increases in combined salinity and B levels disrupted plant nutrient balance and water use, and induced production of secondary toxic substances leading to an increased plant tissue concentration of H 2 O 2 , and suppression of growth in hot pepper.
Pepper (Capsicum annuum L.) is sensitive to drought stress and is moderately sensitive to salt stress (Rhoades et al. 1992) . Under greenhouse conditions pepper will accumulate salt ions such as Na, K, P and Cl, particularly under conditions of water deficit and over supply of fertilizer (Günes et al. 1996) . This leads to over-absorption and an imbalance of mineral elements. As a result, plants affected by salinity can suffer from membrane destabilization (Hasegawa et al. 2000) , inhibition of the photosynthetic machinery (Munns and Termaat 1986 ) and general nutrient imbalance (Munns 1993) .
Boron (B) is one essential micronutrient, which is immobile in the plant and therefore greatly influenced by transpiration rates (Shelp et al. 1995, Alpaslan and Gunes 2001) . B uptake differs among plant species and cultivars (Hu and Brown 1997) . High concentrations of B may occur naturally in the soil or ground water, or be added to the soil through fertilizers, mining, and municipal and other wastewater effluents used for irrigation water (Nable et al. 1997) . Interactions between salinity and B have been observed for some plants. Alpaslan and Gunes (2001) reported increases in B concentration in tomato and decreased B uptake under saline conditions, when compared to nonsaline conditions. Conversely, the B concentration of cucumber increased as a result of increasing levels of applied B and elevated salinity. Excessive B levels can limit plant growth, or damage to the photosynthesis system, and can cause severe physiological responses, such as the disruption auxin biosynthesis, leading to reduction in fruit or crop yield. Furthermore, membrane permeability increases with the increasing levels of applied B in the presence of salinity. Plant growth and yield are reduced in salt-affected soils because of the excess uptake of potentially toxic ions (Gupta et al. 1985) . Grieve and Poss (2000) reported that the excess external salinity and B interact to limit growth and yield of wheat. Ben-Gal and Shani (2002) also reported that yield and transpiration of tomatoes decreased with excess B, but the response to B was inhibited when plants were exposed to simultaneous B and salinity stress.
Little is known about the effects of combined salinity and high levels of B on antioxidant enzymes and stomatal resistance of hot pepper. Oxidative stress is mediated by active oxygen species including superoxide (O 2 -), hydroxyl radicals (OH), hydrogen peroxide (H 2 O 2 ), and singlet oxygen ( 1 O 2 ) (Wise and Naylor 1987) . The superoxide radical is produced at the membrane level in most plant cell organelles and hydrogen peroxide is the product of superoxide dismutase (SOD) and several oxidases of the preoxisomes (Del Rio et al. 1992) . Detoxification of cellular H 2 O 2 through the activity of the Asada-Halliwell scavenging cycle is an important element of defense mechanisms against active oxygen species (Lee and Lee 2000) . H 2 O 2 plays an important role in salt stress (Singha and Choudhuri 1990, Hernández et al. 1995) . Ascorbate peroxidase (APX) is part of the scavenging cycle and catalyzes the reaction of ascorbic acid with H 2 O 2 , while glutathione reductase (GR) catalyzes the regeneration of ascorbic acid (Smirnoff 1993) . Catalase (CAT) reduces H 2 O 2 to water, but has a very low affinity for H 2 O 2 , as compared with APX (Graham and Patterson 1982) . Most publications regarding plant stress tolerance mechanisms indicate a correlation between the resistance to environmental stresses and more effective antioxidative systems (Bor et al. 2003) .
In this paper, we report a detailed study of the effect of long-term stress due to salinity, B or both, on the antioxidant level, mineral content and stomatal resistance of hot pepper.
MATERIAL AND METHODS
Hot pepper seeds (Capsicum annuum L.) of cv. Nokkwang were sown in washed, fine sand watered with half strength Hoagland's solution (Hoagland and Arnon 1950) . They were germinated in a greenhouse under natural light conditions, a daytime temperature of 25°C and relative humidity of 65-70%. After the second true leaves appeared, the seedlings were transplanted at a rate of one plant per Wagner pot containing 1 kg of dried sandy loam soil. The soil characteristics were pH (1:5 water) 6.0, EC 0.45 dS/m, organic matter 8 g/kg, total nitrogen 0.7 g/kg, CEC: Ca 3.8, K 0.5, Na 0.4 cmol + /kg, and B 1.0 cmol + /kg. A basal fertilizer was applied N-P 2 O 5 -K 2 O = 100-80-50 kg/ha. The collective effect of salinity and B was investigated by combining 2 salinity (NaCl at 3 and 6 dS/m) and 2 boron levels (15 and 30 mg/kg H 3 BO 3 ), plus controls. All plants were harvested 3 weeks after transplanting. There were four replicates of each treatment, and the experiment was structured following a randomized complete block design (RCBD) . To analyze antioxidative enzymes, fresh leaves were put immediately into a liquid N deep-freeze (-70°C).
To analyze mineral elements, plant materials were first air-dried at 70°C to constant weight. Dried leaf material was digested using a ternary solution (HNO 3 :H 2 SO 4 :HClO 4 = 10:1:4 by volume) for the determination of Na, Cl and K. These solutions were determined by atomic absorption spectrophotometry (Perkin-Eler Analyst 300, USA). Boron analysis was determined spectrophotometrically by the azomethine-H method (Wolf 1974) . All spectrophotometric analyses were conducted on a Shimaszu (UV-Vis 1600, Japan) spectrophotometer. The chlorophyll content of fresh leaves was determined by acetone extraction (Arnon 1949) . Stomatal resistance was determined by using a porometer (EA 540-026 AP4 model, air temperature 36°C, light intensity 350-400 µmol/ m 2 /s, and relative humidity 60%). The H 2 O 2 level and leaves were measured colorimetrically following the procedure described by Anderson (2002) . To determine the levels of antioxidant enzymes fully expanded leaves were homogenized in 50mM phosphate buffer (pH 7.5) containing 1% (w/v) polyvinyl-pyrrolidone (PVP), 0.1mM EDTA and 0.5% (v/v) Triton X-100. Using an ascorbate peroxidase (APX) assay leaves were homogenized in 50mM phosphate buffer (pH 7.0) containing 5mM ascorbate and 1mM EDTA. The homogenate was filtered through four layers of muslin cloth and centrifuged at 12 000 × g for 10 min. All assays were conducted at 4°C. The supernatant was used for determination of antioxidant enzyme activities: CAT (Aebi 1983), POX (Pütter 1974) , SOD (Beyer and Fridovich 1987) , APX (Chen and Asada 1989) , GR (Rao et al. 1996) . The oxidation rate of ascorbate was estimated by following the decrease in absorbance at 290 nm for 3 min. Protein contents were determined according to the Bradford (1976) method using bovine serum albumin (BSA) as standard.
All data were analyzed statistically by analysis of variance using CoStat software (CoHort softwate, Monterey, USA). Means comparisons were conducted using an ANOVA protected the least significant difference (LSD) (P < 0.05) test. Salinity and B treatments were compared using a randomized complete block model with four replications of each treatment.
RESULTS AND DISCUSSION
Dry matter of pepper plants decreased with an increase in applied B under salinity conditions (Table 1) . Dry matter of the 6 dS/m salinity treat-ment was 21.2% less than the 0 dS/m control, whereas the 30 mg B/kg treatment only slightly decreased dry matter as compared to the control treatment (0 mg B/kg). When salinity was added in the presence of B, the maximum reduction occurred with the combination of 6 dS/m and 30 mg B/kg, increasing the toxic effects to a growth reduction of 33.8%, compared to the control (0 dS/m and 0 mg B/kg). There was an interaction between salinity and B for plant dry matter production (Table 2) in that the toxic effect of salinity was greater in the presence of B. Similar results have been reported by Alpaslan and Gunes (2001) for tomato plants. They found that the toxic effects of B were less limiting than salinity treatment in tomato.
The effects of salinity and B concentrations on B, Na, Cl and K contents of the hot peppers are shown in Table 3 . Increasing levels of applied B increased the B concentrations of leaves. When salinity was 0 dS/m, B in leaves reached a maximum concentration at the 30 mg/kg treatments. A salinity × B interaction occurred because the increase in leave B concentration as medium B concentration increase tended to decrease with increased salinity levels. This result is in agreement with Alpaslan and Gunes (2001) and Ben-Gal and Shani (2002) who showed that increases in B concentrations of tomato decreased under salinity conditions, when compared to non-saline conditions. Increasing levels of salinity accelerated a progressive absorption of Na and Cl ions, although the two were increased to different degrees. At a salinity of 0 dS/m, Na and Cl contents of leaves were similar between 0-30 mg B/kg. High B treatments accumulated less Na and Cl than the control B treatment (0 mg B/kg). A similar result was reported by Ben-Gal and Shani (2002) who showed that tomato plants irrigated with high B containing solutions accumulated less Cl than plants irrigated with lower B concentrations. At 6 dS/m Na and Cl contents in leaf tissue were 2.2 mg/kg and 4.2 mg/kg, respectively. This may indicate that the damage to the pepper leaves at high salinity was exacerbated by salinity stress. K content was decreased with increasing salinity levels. This result is in agreement with the findings of Alfocea et al. (1993) and Alpaslan and Gunes (2001) who suggested that K nutrition is not affected by excessive Na in salt tolerant tomato plants, while K uptake is strongly inhibited by ionic compositions containing Na with K in salt sensitive tomato plants. Other researchers reported antagonistic interactions between Na and K, especially under salinity stress conditions (Alpaslan et al. 1999, Grieve and Poss 2000) . Our results indicate that hot pepper plants grown under salinity stress, and with B, induced B accumulation and unbalanced the uptake of other inorganic elements.
Total chlorophyll contents of plants exposed to increasing levels of salinity and B are given in Table 4 . The total chlorophyll content decreased with increases in combined salinity and B concen- (Perolino and Leone 1980, Grant and Summers 1981) report that plants grown under high salinity conditions had lower chlorophyll contents. Decreases in chlorophyll content under stress conditions could be one of the major factors leading to leaf senescence, which is correlated with increased membrane permeability and with accumulated aminolevulinic acid (ALA), an initial precursor of chlorophyll, at high salt concentrations. Tewari and Tripathy (1998) reported that inhibition of chlorophyll biosynthesis in temperature stressed cucumber seedlings was partly due to impairment of ALA biosynthesis. It is important to understand exactly how salinity and B stress impair chlorophyll biosynthesis, and how it could be improved for crop varieties resistant to stress conditions. Stomatal resistance (Table 4) provides information to allow sensitive comparisons of genotypic water-use efficiency under salinity stress conditions. In this study, the stomatal resistance values were increased as levels of combined salinity and B increased. Thus, the water potential of hot pepper cells was affected by stress conditions and was decreased by overabsorption of other inorganic ions such as B, Na, Cl and K. As a result, plant growth and yield were reduced. Our results show responses similar to those reported by Günes et al. (1996) . In order to understand the protective action of antioxidants against salinity and B stress, we measured the level of antioxidant activities and also measured leaf injury. H 2 O 2 levels of hot pepper are shown in Figure 1a . The H 2 O 2 levels increased minimally during the 3 weeks of experimentation, and tissue levels of H 2 O 2 were not affected by salinity and B treatments. Similar results were reported by Anderson (2002) for hot pepper leaves under salinity stress, and by Dat et al. (1998) , who found that mustard and pepper leaves under heat stress had elevated. SOD activity, responsible for the elimination of superoxide radicals in cells, however, in our study the activity decreased at 6 dS/m and 30 mg B/kg, but remained higher than the control treatment, 0 dS/m and 30 mg B/kg (Figure 1c) . The activity of CAT, the enzyme responsible for eliminating H 2 O 2 , decreased with increasing salinity and B concentrations (Figure 1b) and POX, which decomposes the H 2 O 2 produced by SOD, increased with increasing salinity and B concentrations (Figure 1d ). Under long-term stress, POX activity generally follows a pattern that is the reverse CAT activity. Increases in B levels, when salinity was 0 dS/m, resulted in slightly increased POX activity, whereas increases in salinity levels increased oxidative stress. The combination of B and salinity increased the oxidative response. POX activity at 3 dS/m and 30 mg B/kg was 13.7% greater than at 3 dS/m and 0 mg B/kg, whereas CAT activity at 6 dS/m and 30 mg B/kg decreased POX activity 23.0%, compared to 6 dS/m and 0 mg B/ kg. Anderson (2002) reported similar results for pepper under temperature stress. APX activity, which causes conversion of H 2 O 2 to water, and GR activity, also an enzyme in the Asada-Halliwell pathway, increased in pepper leaves under high salinity and B stress (Figure 1e, f ) . Although APX plays an important role in the conversion of H 2 O 2 to water, GR is also an essential enzyme in this reaction, and plays a role in maintaining the redox states of ascorbate and glutathione (Foyer et al. 1994) . APX activity of plants treated with 3 dS/m and 30 mg B/kg was increased 28.9% compared to 3 dS/m and 0 mg B/kg, whereas 6 dS/m and 30 mg B/kg decreased APX activity by 9.3% compared to 3 dS/m and 30 mg B/kg. GR activity responded to B and salinity stress treatments in the same way as APX activity. GR activity increased most under high salinity and B stress, but 6 dS/m and 20 mg B/kg provoked a decrease as compared to 0 dS/m and 20 mg B/kg. Lin and Kao (2000) reported that POD, APX and GR activities increased in rice leaves in the presence of NaCl. Gossett et al. (1996) suggest that protection from oxidative damage by a more reactive ascorbate-glutathione cycle and higher levels of antioxidants such as CAT and SOD are involved in the development of salt tolerance in cotton plants. In the present study, we have shown that stressful levels of B and salinity increased the levels of H 2 O 2 , POD, SOD, APX and GR, leading to an overall increase in oxidative activity, whereas CAT activity decreased as salinity and B levels increased.
In conclusion, this study demonstrated that an increase of salinity and B concentration causes a physiological response or disorder in hot pepper plants and that, combined salinity and B could accelerates uptake of potentially toxic ions, increases water deficit and increases oxidative system activity. As a result, stressful levels of combined salinity and B restrict hot pepper plant growth and do so to a greater degree than either alone. 
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